] Although outer rise seismicity is less common than interplate seismicity in subduction 7 zones, a significant level of seismicity has occurred between the Nazca trench and 8 Juan Fernandez Ridge, in central Chile, during the past 20 years. We first study the 9 April 9 2001 (Mw = 7.0) event and determine its focal mechanism, depth, and source time 10 function by body-waveform inversion from teleseismic broadband data. The results 11 indicate tensional faulting in the upper part of the mechanical lithosphere. Its strike (41°) is 12 similar to those observed in events down dip of the slab at about 100 km depth, which 13 could indicate that these earthquakes occur in preexisting structures formed at the 14 trench. Compressive outer rise events have also occurred during the 1980s in front of the 15 rupture zone of the 1985 Mw 7.8 Valparaíso Earthquake. To understand their relation with 16 the state of stress of the lithosphere, we construct yield stress envelopes of the oceanic 17 lithosphere, including static and dynamic stresses. Dynamic stresses are due either to slab 18 pull, ridge push, resistive, and drag forces. We explain the sequence of compressive and 19 tensional events by the accumulation of stress prior to 1985 when the subduction is 20 assumed to be locked and after by the unlockage of the subduction by the Valparaíso 21 interplate event. The yield stress envelope analysis enables us to quantify the accumulation 22 of compressive forces before 1985 and the tensional force after. [2] Outer rise earthquakes are either normal or thrust 28 events with tensional and compressional axes oriented 29 approximately subhorizontally and perpendicular to the 30 trench axis [Christensen and Ruff, 1988] . Tensional events 31 are a standard feature of the subduction process as they 32 occur at every major subduction zone. Shallow normal 33 faulting outer rise events are associated with the bending 34 of the plate [Stauder, 1968a [Stauder, , 1968b . Studies of large 35 tensional outer rise earthquakes showed these events can 36 rupture nearly the entire oceanic lithosphere and are en-37 hanced by the slab-pull effect of the downgoing slab 38 [Kanamori, 1971; Abe, 1972] . Compressional events occur 39 deeper than tensional ones [Chapple and Forsyth, 1979; 40 Seno and Gonzalez, 1987; Mueller et al., 1996b] Ruff, 1983, 1988; Astiz et al., 67 
associated aftershocks. Next, a geometrical approach is used 106 to define the shape of the bending lithosphere, which then [Müller et al., 1996; Yáñez et al., 2001] . Relative convergence velocity of Nazca Plate with South America is from NUVEL-1 [DeMets et al., 1990] . Black stars indicate the epicentral locations of main outer rise events (April , 1971 (April , 1981 (April , and 1982 . Open stars represent 1906 Open stars represent , 1971 Open stars represent , and 1985 interplate earthquakes. Gray disks with black outline represent subducted seamounts (P. Smt: Papudo seamount, S.A. Smt: San Antonio seamount). The upper right insert shows the south American continent and the study area. Red triangles represent recent active volcanoes and the dotted yellow lines the plate boundaries.
141
[9] Along the Andean margin, the subducted slab is 142 morphologically segmented into steep subduction and flat-143 slab subduction regions [Barazangi and Isacks, 1976] . slab areas are revealed by the shape of the Wadati-Benioff 145 zone deduced from seismic data ] and 146 tomographic images from a global travel time tomographic 147 model [Bijwaard et al., 1998 ]. Two areas are subject to flat- for several hundreds of kilometers [Hasegawa and Sacks, 153 1981].
154
[10] The seismic energy released during earthquakes 155 within the upper plate is 5 to 10 times greater in the Central
156
Andes flat-slab area than in adjacent north and south seg-157 ments [Gutscher, 2002] , which implies a higher degree of 158 interplate coupling. It is consistent with a longer contact 159 area and cooler temperatures [Gutscher, 2002] . To the east 160 of our study area, stress tensors were determined for the 161 interplate coupled zone: at shallow depths (0 to 70 km), the 162 slab is under compression due to plate convergence with 163 some normal faulting events in the oceanic plate, whereas 164 far from the trench, at intermediate depths, the slab is under 165 tension due to the slab pull [Pardo et al., 2002] . 
Seismicity of Valparaíso Area

168
[11] The study area is located at the transition from flat 169 subduction, northward, to normal subduction, southward 170 [Barazangi and Isacks, 1976] . Around the subduction of JF ). Mechanisms and locations of main outer rise events are shown.
175 recent great interplate earthquakes (Figures 1 and 2 ) are the 176 1985 Valparaíso M w = 8 and the 1971 M s = 7.5 events 177 [Mendoza et al., 1994; Malgrange et al., 1981] . The 178 aftershock areas of these two earthquakes overlap between 179 32°.5 and 33°S , which correspond to 180 the latitude of the 9 April 2001 event ( Figure 2 (Figure 2 ). The second sequence of outer rise 197 seismicity was associated with 9 April 2001 earthquake 198 (M w = 7.0), which is studied in detail in this paper. This Table 1 ). The fault plane solution 216 reported by Harvard Centroid Moment Tensor (CMT) Cata-217 logue (Table 2) is a normal faulting mechanism at 15 km 218 depth and dipping at 46°, but the strike of 33°is not parallel to 219 the trend of the trench in this area. Body wave analysis will 220 confirm this result and allows us to propose a complex 221 source-time model for the rupture of this event. 
272
[16] The best point source model consistent with P and 273 SH waves is determined from the body wave inversion. 274 From this model we determine the depth of the source 275 centroid and the orientation of the fault plane. The inversion 276 process is started using the a priori model of the CMT 277 solution obtained by Harvard (Table 2 ) and a source-time 278 function parametrized by a sequence of isosceles triangles 279 of rise time 1 s and variable amplitude for a total duration of 280 50 s. From linearized inversion we obtain a strike of 41°, a 281 dip of 44°and rake of À84°( Table 2) . We also find the 282 depth of source centroid to be 12 km and the seismic 283 moment to be Mo = 4.6 Â 10 19 Nm.
284
[17] The waveform fits are quite good (Figures 4 and 5) . 285 Hence the point source model explains the complex body 286 wave signals reasonably well. The focal mechanism is well 287 constrained as can be seen from the amplitude variation of P 288 and SH waves with azimuth ( Figures 4 and 5 ). In particular, 289 SH waves for stations SJG and SACV show a clear polarity 290 change when crossing the nodal plane.
291
[18] Directivity effects can be seen in Figure 4 : the 292 vertical arrows show the widening of the P wave pulses [22] Deformation of the lithosphere in the study area, 352 associated with a realistic rheology of the oceanic litho-353 sphere, can be used to deduce the lithospheric stress 354 distribution [Goetze and Evans, 1979; McNutt and Menard, 355 1982] . We first determine the shape of the lithosphere 356 assuming an elastic behavior. We assume that deformation 357 is produced by two phenomena: first, the bending of the 358 lithosphere prior to subduction, and second, the deflection 359 of the lithosphere under the JF Ridge volcanic load. The 360 characteristics of the bending of the lithosphere prior to 361 subduction can be directly determined from the bathymetry 362 near the rise. This provides the deformation of the litho-363 sphere due to the subduction, the elastic thickness, and the 364 curvature of the dipping lithosphere. The elastic thickness is 365 used to determine the flexure of the crust under the JF 366 seamounts to define the shape of the upper oceanic litho-367 sphere. The curvature is used to compute the yield strength 368 envelope. This complete characterization of the oceanic 369 lithosphere enables us to carry out the analysis of the outer 370 rise seismicity in our study area. [23] The bending of the lithosphere prior to the subduction 373 induces considerable flexure [e.g., Turcotte and Schubert, 374 1982; Watts et al., 1995] . This bending is commonly 375 modeled in two dimensions by a universal deflection profile 376 deduced from elastic plate theory [Caldwell et al., 1976] . 377 With the proper boundary conditions, the value of the 378 flexure, w, along a profile perpendicular to the trench can be expressed by
380 381 where w b is the magnitude of maximum positive deflection, 382 at coordinate x b , the distance from the point at the trench 383 where the plunging lithosphere reaches the regional value of 384 the bathymetry (see Figure 9) . Ridge loading, the value of the elastic thickness of the 420 lithosphere can be deduced from its bending characteristics.
421
The distance x b is directly related to a, the flexural 
427
We use the numerical approach developed by Watts et al.
428
[1975] to solve in three dimensions the equation that governs w refraction [Kopp et al., 2004] .
438
[26] Finally, a grid is constructed from the one obtained 445 bending lithosphere (Figure 6 ), as might have been the case 446 if the bending was the unique stress factor. The epicenter of 447 our main event is shifted to the west of the trench because of 448 the perturbation produced in the stress field by the JF Ridge. aftershocks, and the main event is represented by a star. On profile P3, the limit of the upper crust obtained by seismic refraction [Kopp et al., 2004] is the thin line. A possible fault plane is drawn in heavy dashed line from the seafloor JF fault, through the fault seen in the upper crust.
460 1981]. Stress envelopes are profiles of maximum rock 461 strength plotted versus depth. They are derived from labo-462 ratory experiments on real rocks. Deformation in the upper 463 brittle lithosphere is governed by frictional sliding and 464 described by linear equations deduced from Byerlee's law 465 [Byerlee, 1978] and deeper and until the bottom of the 466 mechanical lithosphere, the plastic flow strength of the 467 rocks is approximated by power law creep equations. 468 4.3.1. Reference YSE
469
[28] The depth of the mechanical lithosphere is usually 470 assumed to lie between the 600 and 800°C isotherm 471 [Scholz, 2002] and was found to be at the depth of the 472 800°C isotherm in our study area [Judge and McNutt, 473 1991] . This isotherm corresponds to a value of 41.5 km 474 below the seafloor and hence lies about 45.5 km below sea 475 level. To construct the brittle and the ductile parts of our 476 reference YSE, we adopt the coefficients proposed by 477 Mueller et al. [1996a] , in the case where the stress is 478 reduced by the pore pressure and where presence of water 479 is assumed. In the brittle zone, the constitutive equations of 480 the strength limit, Ds, are given by [29] Between the purely brittle or ductile regimes, both 513 processes can occur, but constitutive equations of the brittle-514 ductile transition zone are not well constrained (see discus-515 sion in the work of Kohlstedt et al. [1995] ). This is of 516 particular interest in our study, as most of the studied earth-517 quakes occurred in this zone, and as the bottom of the 518 seismogenic zone cannot be deeper than the top of the ductile 519 zone [e.g., Scholz, 2002] . Following Kohlstedt et al. [1995] , 520 we construct a linear curve from 10 km depth (the end of 521 purely brittle behavior) to the depth where the stress neces-522 sary for plastic flow equals the effective confining pressure, 523 s 1 À s 3 . In tension, s 1 = s zz and s 3 = Ds and in compression, 524 s 1 = Ds and s 3 = s zz , which leads to the intersection point Figure 10 . YSE computed in the case of (a) pure thermal stress, (b) pure bending, and (c) pure tension, and (d) their sum with thermal and bending preceding tension. Tension (right part of the figures) corresponds to positive stresses, and compression corresponds to negative ones (left part of the figures). Black circles in Figure 10d represent the depths of the 9 April 2001 aftershocks. T m , the mechanical thickness deduced from the depth of the 800°C isotherm, is 45 km. T l , the isotherm of the transition depth between semibrittle and ductile is at 34.5 km. The slab-pull force necessary to reach the rupture limit at the depth where occurred the main shock and 40% of the aftershocks is 0 (thick line), for 70%, it is 1.5 Â 10 12 N m À1 with an associated stress of 43 MPa (dashed thick line), and for 90% it is 4.4 Â 104 12 N m À1 with an associated stress of 403 MPa (dotted line).
[31] The thermal stress (Figure 10a ) for a lithosphere of 539 age t, at depth z, is given by the formula proposed by
542 where a l is the linear thermal expansion coefficient, T l = 543 590°C is the temperature at the depth of the brittle-ductile 544 transition (29.5 km in our case), erf is the error function, k 545 the thermal diffusivity, A and b constants (A = erf
, and l is a measure of how much the thermal 547 contraction stresses have been relieved (we take l = 0.8). 548 The parameters used are the same as those proposed by 549 Wessel [1992] . Indeed, the thermal stress has a minor 550 influence on our YSE, as the bending stress at shallow depth 551 overwhelms the thermal stress, and deeper, the thermal 552 stress is low (Figure 10a ).
553
[32] The plate bending stress (Figure 10b ) follows the 554 thermal stress, and is defined by m, the slope of the elastic 555 core, related to K, the curvature of the bending by m = KE/ 556 (1 À v 2 ). K is obtained from the wavelength x b and the 557 amplitude w b of the bending [e.g., McNutt, 1984]
560
[33] We find K = À10.9 Â 10 À7 m
À1
.
561
[34] The in-plane stress (Figure 10c ) is a constant that we 562 adjust as a function of the depth of the 2001 main event and 563 its aftershocks. Results will be discussed later in section 4.4. 564 The computation method of the compound stresses is 565 described in detail by Mueller et al. [1996a] . First, the 566 thermal stress is applied, the stress distribution must be 567 bounded by the yield envelope, and the stress integral must 568 vanish as the in-plane force is zero. Second, a bending stress 569 of the form mz + b is added, with the same conditions that 570 enable the determination of the constant b. Third, the in-571 plane stress is added, and this time, the stress integral is 572 equal to the in-plane force. Figure 10d . It is derived from classical YSE 576 theory, and only the in-plane stress parameter is adapted to 577 our study. To avoid confusion between depth below sea 578 level, which is the reference for the seismic events, and 579 below the seafloor, which is the reference for the YSE, we 580 will use depth below sea level in the following discussion. Table 5 ).
598
[37] We find tensional forces between 0 and 4.4 times side of the interplate zone. Recent studies [Bott, 1993; 603 Schellart, 2004; Sandiford et al., 2005] [Christensen and Ruff, 1988; Astiz et al., 1988; Dmowska 678 et al., 1988; Lay et al., 1989] , and when sliding, outer 679 rise lithosphere can be in tension because of slab-pull 680 [Kanamori, 1971; Abe, 1972] . an intraplate earthquake can be directly proportional to the 767 size of an associated subducted seamount [Cloos, 1992] 
815
The depth of 12 km localizes this event below the Moho.
816
This result, together with the depth distribution of the first 
